The superplastic deformation behaviour of a Ni-1 mass%SiC nanocomposite produced by pulse electrodeposition was investigated at temperatures of 410 C and 450 C and strain rates ranging from 8:3 Â 10 À4 to 5:0 Â 10 À2 s À1 . A maximum elongation of 836% was obtained at 450 C and a strain rate of 1:67 Â 10 À2 s À1 , which is the first observed result of the high strain rate and low temperature superplasticity for Ni-SiC nanocomposites. Scanning electron microscopy and transmission electron microscopy were employed to examine the microstructure of the asdeposited and deformed samples. The superplastic behaviour of the Ni-1%SiC nanocomposite was analysed through observations of its fracture surfaces and microstructures. The results showed that SiC nanoparticles play an important role in the stability of the microstructure of the Ni-SiC nanocomposite. A low volume fraction of cavity is necessary for a large elongation. The mechanisms of high strain rate and low temperature superplasticity of the composite are discussed in the paper.
Introduction
Superplasticity, a well-established grain-size-dependent phenomenon, can be loosely defined as the ability of a material to exhibit a large degree of elongation, typically larger than 200%, before failure, with or without diffuse necking. [1] [2] [3] In 1981, for the first time, Singer and Gessinger reported high strain rate superplasticity (HSRS) (optimum superplastic strain rate > 10 À2 s À1 ) in the ultrafine MA6000 oxide dispersion strengthened nickel-based alloy. With its potential for practical applications of superplastic forming, HSRS has been extensively studied. The materials which showed HSRS are ranging from aluminium-based alloys and composites, titanium alloys, duplex stainless steel, and nickel-based alloys to magnesium-based composites. [4] [5] [6] Low temperature superplasticity (LTSP), which has the merit of being energy saving and of being able to reduce surface oxidation, has attracted efforts in this field. LTSP in magnesium-based alloys and composites, titanium alloys, and aluminide was extensively studied. [7] [8] [9] [10] [11] Analytical justification for interest in nanocrystalline superplasticity comes from the generalized constitutive equation for superplasticity. 12, 13) 
where _ " " is the strain rate, D the appropriate diffusivity, G the shear modulus, b the Burgers vector, k the Boltsmann's constant, T the test temperature, d the grain size, p a grain size exponent, the applied stress, and n the stress exponent. According to eq. (1) one can expect that, at a constant temperature, a decrease in grain size will result in an increase in the strain rate. Alternatively, at a constant strain rate, a decrease in grain size will result in a decrease in superplastic temperature. Experimental evidence showed that a reduction in grain size decreases the temperature and increases the strain rate for superplastic flow. For example, as compared to the microcrystalline structure, the superplastic temperatures of nanocrystalline materials have been reported by Mcfadden et al. to decrease by $400 C for Nickel, $200 C for Al1420, and $325 C for Ni 3 Al. 14, 15) High strain rate superplasticity at 1 Â 10 À1 s À1 in Al1420 has been reported by Mishra, in which the strain rate increases by more than two orders of magnitude compared to its microcrystalline counterpart. It is interesting to note that a low optimum superplastic temperature of 0:36T m (T m being the melting point) is obtained for nanocrystalline nickel, whereas, in conventional superplasticity, the optimum temperature generally lies above 0:5T m .
Research on superplasticity in nanostructured materials is still in its infancy. In a recent review paper, Mohamed and Li commented that there is still no definite information on the characteristics of grain boundary sliding in nanocrystalline materials and/or its contribution to deformation. 16 ) Different processing techniques for nanocrystalline materials may lead to different microstructures, which may significantly affect the properties of the materials. Electrodeposition is a onestep method of producing bulk nanostructured materials. It offers numerous advantages, including modulated grain size and texture, fully dense samples and inexpensive way of making nanocrystalline materials. 17) This method has been extensively used to produce nanocrystalline nickel and nickel composites like Ni-SiC, [18] [19] [20] [21] [22] [23] [24] which make the study of the properties of nanocrystalline nickel and its nanocomposite possible. 25, 26) Low temperature superplasticity has been realized in the Ni-SiC composite with submicrocrystalline nickel grains by the authors. 27) With the aim of further reducing the forming time and temperature, Ni-SiC composites with nano grain size are produced in the present study, and their superplastic deformation behaviour is examined.
Experimental Procedures
The Ni-SiC nanocomposite was prepared by pulse current electrodeposition from 40 g/l of highly pure -SiC particles averaging 50 nm in diameter and suspended in aqueous In order to produce nickel grains with nano size, 1 g/l of saccharin additive was added to the plating bath. Nickel plate with a purity of 99.99% was used as an anode and a stainless steel plate was used as a cathode. Before electrodeposition, the steel plate was etched and polished to ensure that after deposition, there is little adhesion between the deposit and the steel plate, so allowing the final deposit to be removed from the substrate by mechanical methods. A plating time of 6-7 h was used. Tensile test samples were wire electrical discharge machined to have a gauge section of 10 mm Â 3 mm. The thickness of the specimen is approximately 130 mm. The tensile tests were performed on a tensile test machine equipped with a ceramic heating furnace. Careful control of the target temperatures ensured a variation of AE1 C over the specimen and throughout each test. Final elongation was measured in the gauge section in order to eliminate contribution from the deformation of the specimen heads.
Differential scanning calorimetry (DSC) was performed on the as-deposited composite to examine its thermal behaviour. The microstructure of the as-deposited composite and the fracture surface was observed by scanning electron microscopy (SEM). Energy Dispersion X-ray Spectroscopy (EDS) was performed to determine the SiC content in the composites. Metallographic samples from the gauge sections of the deformed specimens were mounted and mechanically polished to a mirror-like finish using standard metallographic techniques, and were etched for the SEM observation. The etchant for microscopic examination consisted of five parts of water, four parts of nitric acid and one part of hydrofluoric acid.
The grain size was determined based on the X-ray diffraction results. The angular width of the lowest peak (111) at a full-width half maximum (FWHM) peak height was measured, and these values were used to calculate the grain size using the Scherrer formula, 28) as shown below:
where t is the grain size, the incident X-ray wavelength, B the full width at half maximum, and the one-half Bragg angle. The X-ray diffraction (XRD) was conducted on a Bruker D8 Advance XRD, operated at 40 kV and 20 mA using CuK radiation. As FWHM technique might not give an accurate grain size because of the widening of the diffracted beam caused by stacking faults and micrograins. Transmission electron microscopy (TEM) specimens were selected from the gauge section and directly ion milled to perforation for TEM examination. TEM investigations were performed on a Jeol 2010, operated at 200 kV.
Results and Discussion

SEM and TEM investigations of the Ni-SiC nanocomposite
Calculations of the grain size using the angular width of the (111) peak at FWHM in conjunction with the Scherrer formula, indicated that all of the samples measured consisted of nanocrystalline nickel grains of about 40 nm in diameter. The bright field and dark field images of Ni-SiC are shown in Figs. 1(a), (b) and (c). The grain size of 42 nm determined from the dark field TEM is close to the value obtained by XRD. The existence of SiC was confirmed by the analysis of the lattice spacing according to the ring pattern of the selected area (inset of Fig. 1(a) ). The dark field micrograph in (c) showed the morphology and distribution (as indicated by arrows) of nano SiC particles. The SEM surface micrograph of the as-deposited Ni-SiC nanocomposite is shown in Fig.  2(a) , while Fig. 2(b) is the Si-mapping of the surface using the EDS technique. The mapping image showed that nanoSiC particles have a relatively uniform distribution in the Ni matrix, and that the content of SiC is about 1% in weight.
Influence of strain rate and temperature
Tensile samples were deformed at strain rates ranging from 8:3 Â 10 À4 s À1 to 5:0 Â 10 À2 s À1 and at temperatures of 410 C and 450 C. Figures 3(a) and (b) show the samples before and after deformation which demonstrated uniform deformation in the gauge section without localized necking. At a temperature of 410 C, a maximum elongation of 712% was obtained at a strain rate of 1:67 Â 10 À3 s À1 , and at a temperature of 450 C, 836% at a strain rate of 1:67 Â 10 À2 s À1 . It is worth pointing out that these temperatures are about 180 C and 140 C lower than 0:5T m , respectively. More importantly, the high strain rate and low temperature superplasticity of the Ni-SiC nanocomposite was realized in this investigation. At a temperature of 410 C, an elongation of 511% was obtained at a strain rate of 1:67 Â 10 À2 s À1 . An even larger elongation of 836% was obtained at 450 C, with the same strain rate as that of 410 C. When the strain rate increased further to 5:0 Â 10 À2 s À1 at a temperature of 450 C, an elongation of 310% was obtained. This observation is extremely attractive, since a low temperature and high strain rate superplasticity in nanocrystalline materials may make scientific and technological advancements possible. 3) Compared with the earlier work on the submicrocrystalline Ni-SiC composite showing low temperature superplasticity, 27) the grain size in this study is much finer. Microstructural refinement shifts the strain rate (at a constant temperature) to higher values and/or the deformation temperatures (at a constant strain rate) to lower values. The combination of low temperatures and high strain rate superplasticity is significant. It is the direction in which superplasticy is developing, and may have technological and practical implications for the superplastic forming.
The elongation vs. log strain rate (initial) plotted in Fig. 4 shows that large elongation can be obtained at intermediate strain rates from 1:67 Â 10 À3 s À1 to 1:67 Â 10 À2 s À1 at temperatures of 410 C and 450 C. Above or below these strain rates, elongation drops significantly. When the temperature increases from 410 C to 450 C, the maximum elongation is obtained at a higher strain rate (though it is still in the intermediate strain rate range), and a relatively large elongation can be obtained in a wider strain rate range.
It can be seen that in the selected strain rate range, the elongations at 450 C are almost larger than those at 410 C under the same strain rate, which indicates the temperaturedependent superplastic behaviour of this material. Figure 4 also shows that maximum elongation tends to occur at a lower initial strain rate as the temperature decreases, which is also observed in high-temperature superplasticity.
29) The explanation for this trend is that maximum elongation occurs in region II of the log -log _ " " curve, and this region shifts to lower strain rates as the temperature decreases. Figure 3 shows that the tensile samples have macroscopic fracture surfaces transverse to the tensile axis, and this is true for all of the test strain rates in this paper. The SEM fractographs of the eight fracture surfaces obtained at different temperatures and strain rates are given in Figs. Previous work on low temperature superplasticity of electrodeposited ultrafine grained nickel showed that a maximum elongation of 895% was obtained at a temperature of 420 C and a strain rate of 1:0 Â 10 À3 s À1 , which was larger than the elongation of 712% obtained in the Ni-1%SiC under similar testing conditions. As cavitation is known to relate to the failure of superplastic materials, it is suggested that the presence of SiC particles which promotes the formation of cavities at the particle/matrix interfaces is one of the reasons for the difference in elongation between the two materials.
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Microstructures of the deformed samples and deformation mechanism
In nanocrystalline materials, the driving force for grain growth is very high, because of the large interfacial area per unit of volume.
3) Consequently, significant grain growth can occur even at low superplastic temperatures. Grain growth was observed in the deformed samples. Typical microstructures of the gauge section were observed using SEM. Figures 6(a) and (b) show the microstructure transverse to and along the tensile direction, respectively, at a temperature of 450 C and a strain rate of 5 Â 10 À3 s À1 . Figures 6(c) and (d) are the microstructure transverse to and along the tensile axis at a temperature of 450 C and a strain rate of 1:67 Â 10 À2 s À1 . For pure nickel deformed at 350 C, the grain grows from 20 nm to about 1.3 mm and 0.64 mm along and transverse to the tensile axis, respectively; while at 420 C, the average size of the grain in the gauge section was 2 mm along the tensile axis and 1 mm transverse to the tensile axis. 14, 15) In the present study, at temperature of 450 C grains grow from $40 nm to about 1 mm and 2 mm transverse to and along the tensile axis, respectively. The test temperature is higher than that in Refs. 14 and 15. The DSC curve (Fig. 7) can be used to explain the effect of the addition of SiC on the thermal stability of the nickel matrix. The results shown by Wang et al. 30) demonstrated that the exothermic peak is associated with the grain growth of the nanocrystalline nickel. The exothermic peak appeared at about 630 C in this study, which is about 310 C higher than that in pure nickel 15) and indicates a wider microstructure stable temperature range in the Ni-SiC nanocomposite. Superplasticity is a well established grain-size-dependence phenomenon, prohibiting grain growth is helpful in obtaining large elongation. As SiC particles inhibit grain growth by pinning the boundaries of the nickel grains, the structure of the Ni-SiC composite is more stable than that of the nanocrystalline pure nickel, which is favorable to the superplastic deformation. The investigation on high strain rate and low temperature superplasticity of nanocrystalline materials is very limited. Mcfadden et al. 14) observed low temperature and high strain Low Temperature and High Strain Rate Superplasticity of Ni-1 mass%SiC Nanocompositerate superplasticity in 1420-Al prepared by severe plastic deformation. They observed that grain growth and strain hardening were two main characteristics of the material, but the superplastic deformation mechanism of this nanomaterial has not been revealed. Mcfadden et al. 31) suggested that lattice dislocation nucleation is difficult in nanocrystalline materials and conventional slip accommodated grain boundary sliding seems difficult in nanomaterials. 32) In pure nanocrystallized nickel, grain boundary sliding takes place between nickel grains, while in the nanocomposite, interfacial sliding between SiC and nickel grains may also occur.
During grain boundary sliding (GBS), not all grains are in the preferable orientation, and stress concentrations develop at triple junctions and interfaces. It is necessary to relieve the stresses built up by the GBS through accommodation process. At high strain rates, the diffusion accommodation process seems difficult because of the short time during which it can occur. 33) Further investigation needs to be carried out to explain the deformation mechanism of nanocrystalline materials. When the grain grows to a submicron or micron level during deformation, the generation of dislocations becomes relatively easy, and dislocations can serve as a possible accommodation process. The aspect ratio of deformed grains is about 2, which coincides with the observation in pure nanocrystallized nickel. 15) As suggested by Mcfadden et al. although dislocation slip plasticity can account for low temperature superplasticity, the limited grain elongation with a nearly constant grain aspect ratio of 2 clearly indicates that the large elongation obtained cannot only be attributed to dislocation slip plasticity because the grains did not elongate in the same proportion to the elongation. On the other hand, the presence of a low melting point region, or of a liquid is suggested to be responsible for high strain rate superplasticity of whisker-reinforced composites.
34) The large endothermic peak (a full peak is not shown due to limitation of the DSC equipment) at about 1440 C showed that the partial melting will not occur in this study at such a low temperature (410 C and 450 C). Temperature and strain rate are two important and interrelated factors for the occurrence of superplasticity. High strain rate and low temperature superplasticity appeared in the nanocrystalline materials at the same time, which makes the study of the mechanism more interesting. More work needs to be done on the mechanisms of the low temperature and high strain rate superplasticity of nanocomposites.
Conclusions
Superplastic behaviour of a Ni-1%SiC nanocomposite produced by pulse electrodeposition was investigated. Based on the experimental and microstructural analysis, the main conclusions can be drawn as follows:
(1) The Ni-SiC nanocomposite exhibits high strain rate and low temperature superplasticity with elongations of 511% and 836% when deformed at an initial strain rate of 1:67 Â 10 À2 s À1 and at temperatures of 410 C and 450 C, respectively. (2) The presence of SiC nanoparticles plays an important role in inhibiting grain growth of matrix, which is favorable to the superplasticity deformation of the composite. It also promotes the formation of cavities at the particle/matrix interfaces, which is one of the reasons for the lower elongations than that in nanocrystalline nickel tested under similar test conditions. (3) Fracture surface analysis showed that cavities are found almost in triple junction regions. At 410 C, the volume fraction of the cavity decreases as the strain rate increases at a given strain. A low volume fraction of cavity is necessary for a large elongation. (4) When the grain grows to a submicron or micron level, the possible deformation mechanisms are grain boundary sliding accommodated by dislocation, and dislocation slip plasticity.
